Paleomagnetic measurements were conducted on Datong volcanic rocks from China, which are thought to have formed in the mid to early Brunhes Chron. Meaningful site-mean paleodirections were obtained from 21 sites which are considered to represent 17 independent cooling units. They give a mean VGP (virtual geomagnetic pole) position of (76.5
Introduction
The magnetic field generated by the geodynamo is one of the most important features of the Earth. The geomagnetic field can be approximated by a time varying dipole field and it is important to know how the geomagnetic dipole moment has varied in the past by measuring absolute paleointensities (ancient geomagnetic field strengths) from volcanic rocks. Since the 1970s, the Thellier-Thellier (Thellier and Thellier, 1959) and the Shaw (Shaw, 1974) types of paleointensity methods have been most commonly used. After the 1990s, however, most paleomagnetists have regarded the Thelliertype method as the most reliable (e.g. Selkin and Tauxe, 2000; Goguitchaichvili et al., 2004) . Recent discussions on past geomagnetic dipole moments (e.g. Goguitchaichvili et al., 2004) are mostly based on the global paleointensity dataset obtained by the Thellier method with pTRM checks (Thellier and Thellier 1959; Coe et al., 1978) . If only the Thellier results are considered from the latest paleointensity database (Perrin and Schnepp, 2004) , the timeaveraged geomagnetic dipole moment is estimated to be 7.46×10 22 A m 2 for the last 5 million years . It is almost the same value as the present geomagnetic dipole moment (∼ 8×10 22 A m 2 ), indicating that characteristics of the present-day field are typical of the geomagnetic field during this geologically recent period. However, recent studies have revealed that natural rock samples may not always be the ideal material for the Thellier method: evidence is accumulating which indicates that the Thellier method is not always suitable for historical lava flows, resulting in systematically high paleointensities (Hill and Shaw, 2000; Calvo et al., 2002; Yamamoto et al., 2003; Mochizuki et al., 2004; Oishi et al., 2005) . Alternatively, Tsunakawa and Shaw (1994) and Yamamoto et al. (2003) have developed a significantly improved version of the original Shaw method (Shaw, 1974) , i.e. the LTD-DHT Shaw method. This method has been successfully applied to several historical lava flows (Yamamoto et al., 2003; Mochizuki et al., 2004; Oishi et al., 2005) . Yamamoto and Tsunakawa (2005) obtained controversial paleointensity results from volcanic rocks from the Society Islands, French Polynesia (southern hemisphere). The LTD-DHT Shaw method gave an average geomagnetic dipole moment of 3.64×10 22 A m 2 for the last 5 million years. This is nearly half of the previous estimate based on the reported Thellier data and also half the present dipole moment. This result suggests that the present-day field is so strong that it may not be typical of the paleomagnetic field.
Because the geomagnetic field is a global phenomenon, it is expected that similar paleointensities would be observed from volcanic rocks of the northern hemisphere. One approach to obtain new paleointensities from the last 5 mil- lion years is to conduct the LTD-DHT Shaw experiments on samples from various volcanoes located in the northern hemisphere. In this paper, we report new LTD-DHT Shaw paleointensities from the Datong volcanoes in China of middle to early Brunhes age. In order to cross-check the results, we also perform paleointensity measurements using the conventional Thellier method as well as the microwave Thellier method.
Geology and Sampling Sites
The Datong monogenetic volcanoes are located within the Datong Basin in the Shanxi Rift • N and 113.6-113.9
• E). The basin and its marginal upland areas are composed of rocks with various geological ages from Archean to Holocene. The rifting of the Datong Basin began during the Miocene and has continued to the present day (Bureau of Geology and Mineral Resources of Shanxi Province, 1989; Cheng et al., 2006) . Several studies of fault tectonic geomorphology and paleoseismology indicate intense Holocene activity of the basin-bounding faults (Deng et al., 1994; Duan and Fang, 1995; Xu et al., 1996; Cheng and Yang, 1999; Cheng et al., 2006) . Within the field area there were two recent large earthquakes, one on October 18 in 1989 (magnitude 6.5) and one on March 26 in 1991 (magnitude 5.8) (Cheng et al., 2006) .
The Datong volcanoes consist of more than 30 volcanic cones within an area of about 50 km 2 . They are composed of alkaline basalts erupted from volcanic cones, tholeiites erupted along buried basement faults, and other pyroclastics (Chen et al., 1992; Liu et al., 2002; Cheng et al., 2006) . Hurford and Chen (1986) reported that 21 whole-rock basalt samples collected from the Datong volcanoes give K-Ar ages ranging between 0.227 and 0.822 Ma and that the major period of volcanism is 0.3-0.4 Ma. These ages are consistent with those obtained in later studies: 0.74±0.22 Ma, 0.60±0.15 Ma, 0.54±0.05 Ma, 0.41±0.10 Ma, and 0.25±0.04 Ma (Kaneoka et al., 1983; Chen et al., 1992; Cheng et al., 2006) . There are two groups of volcanoes: one is distributed along a NE-SW trend (western subgroup) while the other aligns along an EW direction (eastern subgroup) (Fig. 1 ). In the area of the western subgroup, normal faults develop along the NE-SW trend. Formation ages of the faults are considered to be older than the volcanic eruptions because grabens formed by the faults are buried with lavas. The active age of the eastern subgroup is thought to be older than that of the western subgroup since the degree of erosion in volcanic cones is high in the eastern subgroup. Paleomagnetic core samples were collected at 22 sites of alkaline basalt in October 1987 (DX01-DX22; Fig. 1 ). Sample collection was done using a portable gasolinepowered drill and the core orientation was made by both sun and magnetic compasses. Because vegetations sometimes developed between outcrops of the sampling sites, some of the sites possibly belong to the same cooling unit: for instance, the sites DX01, 02, 03, 04 and 18 in the eastern subgroup. They are tentatively classified as the same lava flow in Fig. 1. 
Rock Magnetic Property
Thermomagnetic analyses were carried out on one sample per flow (total 22 samples) in air using a Curie balance. The resultant Ms-T curves could be classified into four types: A, B, C and D (Fig. 2 Site, site ID; Ms-T type, classification of Ms-T curves; N d , number of the specimens used for the calculation of palaeodirection; Dec, Inc, α 95 , paleodirection and its 95 per cent confidence circle; P Lat , P Long , latitude and longitude of the virtual geomagnetic pole; N F , number of the specimens used for the calculation of site-mean paleointensity; F, site-mean palaeointensity with its standard deviation; VDM, VADM, virtual dipole moment and virtual axial dipole moment with associated standard deviations; AIC min , minimum AIC values for the individual sites. Note that the site-mean paleointensity of the site DX04 is calculated without the result of DX04-15-1m as it is regarded as an outlier at the 95% level.
in 9 samples. They show a single phase of Ti-poor titanomagnetite with good reversibility during the heating and cooling cycle, usually resulting in T c (Curie temperature) ∼540-570 • C. Type B curves were recognized in 2 samples and resembled type A, though a minor phase of Ti-rich titanomagnetite with T c of ∼ 180 or 240
• C is superimposed. Type C curves were seen in 6 samples, showing two components of Ti-poor (T c ∼ 520-550
• C) and • C) phases. Type D curves were found in five samples: Some superparamagnetic behavior is recognized as an offset in M s /M s0 and the Curie temperatures could not be determined.
The hysteresis parameters, saturation magnetization (Ms), remanent saturation magnetization (Mrs), coercivity (Bc) and remanent coercivity (Brc) were measured for 60 small chips from 30 selected paleomagnetic cores. Measurements were conducted on 1-6 chips for each core, using a vibrating sample magnetometer (MicroMag 3900 VSM, Princeton Measurement Corporation) or an alternating gradient force magnetometer (MicroMag 2900 AGFM, PMC). The resultant Day plot (Day et al., 1977; Dunlop, 2002) is shown in Fig. 3 . Core-averaged hysteresis parameters are listed in Table 2 .
On the Day plot, some of the data points are distributed along SD (single domain) and MD (multi domain) mixing curves of magnetite (Dunlop, 2002) while others are offset from the curves locating in the PSD (pseudo-single domain) region. This difference probably originates from the difference in the composition of the main magnetic phase: the compositions are thought to be close to Ti-free titanomagnetite (TM0, magnetite) and Ti-rich titanomagnetites (TMx) for the former and the latter samples, respectively. This is because the curves in Fig. 3 are shown for TM0 and they move toward upper-right region with increasing Ti content (x) (Dunlop, 2002) . The former and the latter samples correspond to the samples giving Type A (and/or B) and Type C (and/or B) Ms-T curves, respectively.
The studied samples are considered to be mixtures of (Day et al., 1977) for the hysteresis parameters of 60 small chips. Some threshold values are modified following Dunlop (2002) . Numbers along mixing curves by Dunlop (2002) indicate % of MD components. FORC diagrams (samples labelled a-f) are also shown.
SD (and/or PSD) and MD particles. This is supported by the FORC (first-order reversal curve; Roberts et al., 2000) measurements, which were performed using the AGFM on specimens from the same 30 selected cores. Figure 3 (a)-(f) are representative FORC diagrams. SD-like contributions are clearly recognized by the number of closing contours in all the diagrams ( Fig. 3(a) -(f)). MD-like contributions (non-closing contours with relatively low Bc) appear to increase going from sample a (DX06-11) to f (DX22-13), upper-left to lower-right regions in the Day plot (Fig. 3) . In summary, the main remanence carriers in the samples studied are titanomagnetites with different Ti content (∼ TM0-TM60). They are considered to be mixtures of SD (and/or PSD) and MD particles.
Paleodirections
Stepwise thermal demagnetization (ThD) and alternating field demagnetization (AFD) were conducted on a total of 207 specimens, by using a thermal demagnetizer (TDS-1, Natsuhara-Giken), spinner magnetometers (ASPIN-A and SMD-88, Natsuhara-Giken), and an automatic spinner magnetometer and AF demagnetizer system (Dspin-2, Natsuha- and TRM1-TRM2* segments; F L , laboratory induced DC field for TRM1 and TRM2; F, calculated paleointensity; AIC, AIC difference between linear and quadratic fit . The LTD-DHT Shaw method was conducted on specimens with suffix 'L' whereas the DHT Shaw method on others. Note that only successful results are indicated, and that the result of DX04-15-1m is excluded as an outlier (at the 95% level) in the calculation of the site-mean for DX04. ra-Giken; Kono et al., 1984 Kono et al., , 1997 . Except for two sites (DX12 and DX19), primary remanences were isolated from natural remanent magnetizations (NRMs) after removal of secondary components by about 450
• C or 25 mT. Most of the demagnetization results yielded primary components with MAD (maximum angular deviation; Kirschvink, 1980) ≤ 5.0
• (Fig. 4 (A) and (B)). Determinations of site-mean paleodirections were straightforward for these sites.
In the site DX12, linear analysis was only possible for two specimens (Fig. 4(C) ). The remaining six specimens suffered from large secondary components. However, because these specimens showed good remagnetization circles (Fig. 4(D) ), the site-mean paleodirection was successfully obtained by the combined analysis of linear components and remagnetization circles of .
In the site DX19, no results were available for linear analyses: all eight specimens showed large secondary components during demagnetization. These results could be fitted to remagnetization circles, but they give a mean direction of α 95 of 23.5
• (N=5) which is not acceptable. All the resultant paleodirections show normal Brunhes Chron polarity without any indication of geomagnetic excursions. VGP (virtual geomagnetic pole) latitudes range between 53.2
• N and 83.1
• N. The site-mean paleodirections are listed in Table 1 .
Paleointensity
Paleointensity measurements were performed by three different methods: (1) the double heating technique of the Shaw method (DHT Shaw method; Tsunakawa and Shaw, 1994) and the DHT Shaw method with low temperature demagnetization (LTD-DHT Shaw method; Tsunakawa and Shaw, 1994; Yamamoto et al., 2003) , (2) the Thellier method with Coe's modification (Thellier and Thellier, 1959; Coe et al., 1978) and (3) the microwave Thellier method (Shaw et al., 1996; Hill and Shaw, 1999) . We conducted the method of (1) on 119 specimens while those of (2) and (3) were applied to 29 and 73 specimens, respectively. Note that we categorize the DHT and the LTD-DHT Shaw methods as a one method because they are very similar except for some points (see Section 5.1).
DHT and LTD-DHT Shaw methods
The DHT and LTD-DHT Shaw methods were applied to 49 and 70 specimens, respectively. The former experiment was carried out at the paleomagnetism laboratory in the Tokyo Institute of Technology, Japan, whereas the latter was performed at the Geological Survey of Japan, AIST.
In the DHT Shaw experiment, the samples were subjected to progressive AF demagnetization at 5-10 mT steps up to 120 mT, using an AF demagnetizer (DEM8601C, Natsuhara-Giken). Remanences were measured with an ASPIN-A spinner magnetometer (Natsuhara-Giken). Laboratory TRM (thermal remanent magnetization) was imparted by heating the samples in air to a maximum temperature of 610
• C in a constant magnetic field (20.0-50.0 μT). Hold time at the temperature was 10 (first heating) and 20 minutes (second heating), and entire heating-cooling cycle took about two hours. The field was applied throughout the cycle. Anhysteretic remanent magnetization (ARM) was given using a 100.0 μT biasing field with a peak AF of 120 mT.
In the LTD-DHT Shaw experiment, progressive AF demagnetization was applied in 2-10 mT steps up to 180 mT, using an automatic spinner magnetometer and AF demagnetizer system (Dspin-2, Natsuhara-Giken: Kono et al., 1984 Kono et al., , 1997 . Remanences were simultaneously measured by the system. TRM was imparted by heating the samples in vacuum (10-10 2 Pa) to a maximum temperature of 610
• C in a constant magnetic field (15.0-50.0 μT). Hold time at the maximum temperature was 24 (first heating) and 48 minutes (second heating), and entire heating-cooling cycle took about four hours. The field was applied throughout the cycle. ARM was given using a 50.0 μT biasing field with a maximum AF of 180 mT. Prior to progressive AF demagnetization of the NRM, TRM and ARM, samples underwent low temperature demagnetization (LTD: Ozima et al., 1964; Heider et al., 1992) . They were soaked in liquid nitrogen for 10 minutes and then taken out of the dewar and left at room temperature for an hour. The liquid nitrogen was contained in a non-magnetic dewar and the complete cooling/warming cycle was carried out in zero field.
NRM-TRM1* and TRM1-TRM2* diagrams were constructed from the experimental results where TRM1* and TRM2* denote TRM1 and TRM2 corrected using the technique of Rolph and Shaw (1985) . These corrections are based on the assumption that changes in the coercivity spectra of the TRM will also be reflected in the spectra of the ARM. Similar to previous studies (Yamamoto et al., 2003; Mochizuki et al., 2004 Mochizuki et al., , 2006 Oishi et al., 2005; Yamamoto and Tsunakawa, 2005) , the results are judged by the following quantitative selection criteria. listed in Table 2 . Successful paleointensity results range from 4.64 μT to 62.4 μT. Because the present field intensity at the site location is estimated to be 54.8 μT (IGRF-10; IAGA Division V Working Group VMOD, 2005), the obtained values are generally lower than the present day field. Unsuccessful results were rejected mainly due to lower values of the correlation coefficients in the NRM-TRM1* diagrams (r N < 0.995; Fig. 6(A) ) or non-unity slopes in the TRM1-TRM2 * diagrams (1.05 <Slope T ; Fig. 6(B) ). 79% of the successful results yielded AIC values (Yamamoto and Tsunakawa, 2005) less than 15.0 (Table 2) . The AIC value is a measure of the preference between linear and quadratic fits in the NRM-TRM1* diagram. In Yamamoto and , they tentatively concluded that AIC exceeding ∼ 15 is possibly a sign of low quality paleointensity based on their Society Islands dataset. Although their conclusion may not be applicable to the present results (because they compose a different dataset), they are generally considered to be of good quality.
In the LTD-DHT Shaw experiment, the samples exhibited about 5-20% loss of ARM0 by LTD (Table 2) . This means that laboratory induced ARMs (before laboratory heating) were demagnetized by about 5-20% by LTD, implying that there is a certain amount of MD-like contribution in the samples. The hysteresis and FORC measurements also support this (Section 3). This may explain the differences between the DHT and the LTD-DHT Shaw results because the former were obtained without any LTD pre-treatments. However, consistent DHT and LTD-DHT Shaw paleointensities are observed from several pairs of sister specimens (e.g. Fig. 5 ). In a comparison of the results at the site-level (blue squares and diamonds in Fig. 7(A) ), no systematic differences between the DHT and the LTD-DHT Shaw paleointensities were observed. In later discussions, we therefore treat both sets of paleointensities as the same "LTD-DHT Shaw dataset". Site-mean paleointensities of the LTD-DHT Shaw dataset are summarized in Table 1 .
Thellier method
The Thellier method with Coe's modification (Thellier and Thelleir, 1959; Coe et al., 1978) was applied to 29 specimens. The specimens were subjected to a series of zerofield and in-field heating-cooling cycles at 20-50
• C intervals up to 600
• C. In the in-field cycles, the field was applied throughout the cycles. Partial TRM (pTRM) checks were made at every one or two temperature steps for all specimens while the pTRM-tail check (Shcherbakova et al., 2000; Riisager and Riisager, 2001 ) was conducted on one specimen (DX01-15-1). The heating and cooling were carried out in air in about two hours (hold time at maximum temperatures were 15-20 minutes) using TDS-1 (Natsuhara Giken) or MMTD-18 (Magnetic Measurements) electric furnaces. Remanent magnetizations were measured using spinner magnetometers (SMM-85 or SMD-88, Natsuhara Giken).
The results are analyzed using Arai plots (Nagata et al., 1963) . Similar to the study by Tanaka et al. (2007) , they are judged on various quality parameters (Coe et al., 1978; Selkin and Tauxe, 2000; Kissel and Laj, 2004) . Acceptance criteria are as follows.
(1) The Arai plot should have a linear portion that includes at least four data points (N ≥ 4) with a correlation coefficient -r and a NRM fraction f N not less than 0.970 and 0.35, respectively (-r ≥ 0.970 and f N ≥ 0.35). (2) The linear portion should have positive pTRM checks that are judged by pTRM differences between the first and repeat steps with the field applied. If the differences normalized by the length of the linear segment (DRATs) are smaller than 7% (DRAT < 7%) and their accumulation over the selected temperature interval (CDRAT) are smaller than 10% (CDRAT < 10%), then pTRM checks are considered to be positive. (3) The remanence vector of the zero-field step data which constitutes the selected linear segment should show a reasonable decrease toward the origin on the orthogonal plot. This is judged by the difference angle α and a deviation dev of Tanaka and Kobayashi (2003) , which should be smaller than 10
• and 10%, respectively (α < 10. and dev < 10%).
Successful results were obtained from 16 specimens. They are summarized in Table 3 . Except for three results, the resultant Arai plots give single slopes (Fig. 8(A) and (B)). Paleointensity calculations are straightforward and range between 18.0 μT and 53.8 μT. As with the LTD-DHT Shaw dataset, they are generally weak compared to the present day field strength at the site (54.8 μT).
Problematic behavior is seen in the three results: high paleointensities are obtained from low temperature intervals (Fig. 8(C) ) whereas low paleointensities are obtained from high temperature intervals (Fig. 8(D) ). The quality factor for these results is similar to the quality factor from samples with single slopes in the Arai plots (5.6-16.8 for the former and 2.1-39.0 for the latter; Table 3 ). Two-sloped Arai plots have been often reported in recent studies (e.g. Yamamoto and Tsunakawa, 2005) . Possible reasons are (1) large amount of MD-like contribution (e.g. Levi, 1977; Xu and Dunlop, 2004) , (2) non-detectable cumulative laboratory alteration (e.g. Coe et al., 1984; Mochizuki et al., 2004) , (3) acquisition of thermochemical remanent magnetizations (TCRM) during natural cooling (e.g. Yamamoto et al., 2003; Yamamoto, 2006) , and (4) differences in coolingrate between natural and laboratory conditions (e.g. Fox and Aitken, 1980; Chauvin et al., 2005; Bowles et al., 2005; Morales et al., 2006) . Because the rock magnetic experi- ments did not suggest a large MD-like contribution (Section 3), reason (1) does not seem to be possible. However, several studies reported concave-up Arai diagrams from samples showing similar hysteresis properties as the present samples, suggesting the existence of a certain amount of MD grains as the possible cause (e.g. Shcherbakov and Scherbakova, 2001; Calvo et al., 2002; Biggin and Thomas, 2003) . Also, Biggin (2006) predicted that Thellier experiments with intensive heating steps on samples with SD/MD ratios of 1.0 can result in curved Arai diagrams as Fig. 8(C) and (D). We cannot completely rule out this possibility. The remaining three reasons might be possible but there is no supporting evidence. As suggested by Valet (2003), we think it is better to omit these three results from the later discussion.
Unsuccessful results mainly originate from the production of chemical remanent magnetization (CRM) during laboratory heating. They give concave-up Arai plots which are easily recognized ( Fig. 8(E) and (F) ).
Microwave Thellier method
We used the 14 GHz microwave demagnetizingremagnetizing system for the paleointensity determination. The system is equipped with an integrated liquid nitrogen SQUID magnetometer to measure the magnetization of the 5 mm diameter mini core samples (Hill et al., 2005) . In this study, two methods were used: the perpendicular applied method, type of applied methods (perpendicular (perp) or double heating (coe)); P 1 -P 2 , N, -r, q, f, slope, power interval, number of the data points, correlation coefficient, quality factor, NRM fraction, and slope of the linear NRM-TRM portion in the Arai plot; α, dev, difference angle and deviation of the selected NRM component; F L , laboratory induced DC field for TRM; F, calculated paleointensity. Note that only successful results are indicated.
field method (Kono and Ueno, 1977; Hill and Shaw, 1999) and the double 'heating' method (Coe et al., 1978; Thomas et al., 2004) . The perpendicular method was applied to 51 specimens. The sample is firstly subjected to demagnetization until secondary or viscous overprints are erased. Then the field is applied perpendicular to the isolated NRM direction and remains applied for all remagnetization steps. The double 'heating' method was applied to 22 specimens. A series of zero-field and in-field microwave application cycles were repeated until the remaining NRM is demagnetized to less than 10% of the original. Microwave power applied is between 0-80 W and the application time is set to 5 seconds. Partial T M RM (microwave induced TRM) and pT M RM-tail checks are performed at every two or three remagnetization steps. Details of the experimental procedures can be found in Gratton et al. (2005) and Hill et al. (2005) .
The results are judged by the acceptance criteria described in Section 5.2. Results of the pT M RM-tail checks are not taken into account because there are different opinions regarding the checks: for example, Yu et al. (2004) concluded that the pTRM-tail can only be detected reliably when the laboratory field is parallel to the NRM with the magnitude twice as large as the ancient field, whereas Biggin (2006) showed that reliable pTRM-tail checks can be performed if the laboratory field makes a large angle relative to the NRM. Nonetheless, the checks never show large pT M RM-tails in any of the results. When analysing the results of the perpendicular method, an additional criterion of 89.9
• < θ 1 + θ 2 < 90.1
• for the selected linear segment was adopted, where θ 1 and θ 2 are angles between the observed remanence vector and the isolated NRM vector, and the observed remanence vector and the vector of the applied field direction, respectively.
Four specimens from the perpendicular method and eight specimens from the double heating experiment gave acceptable paleointensity results. They are summarized in Table 4 . The resultant Arai plots give single slopes (Fig. 9(A) and (B)) except for one specimen (DX08-07-2c, Fig. 9 (C) and (D)). If this two-sloped result is omitted (as was done for the Thelleir results), the paleointensities range between 7.8 μT and 28.6 μT with quality factors ranging from 3.59 to 34.1.
The perpendicular experiment success rate was extremely low (8%) when compared with the double heating experiment (36%). This is because (1) the present samples prepared for the microwave experiment often contained a certain amount of secondary remanences and (2) the double heating experiment was conducted after a series of perpendicular experiments (samples were more carefully selected for the double heating experiment based on these results). Examples of the unsuccessful results are illustrated in Fig. 9(E) and (F) . 
Comparison of the results by the three methods
We have obtained paleointensity results by the three different methods. These results are compared in Fig. 7(A) for each site.
Four out of 13 successful Thellier results (except for the two-sloped results) came from cores yielding successful LTD-DHT Shaw results. Some pairs of samples give concordant answers whereas other pairs show inconsistent paleointensities (red circles in Fig. 7(B) ). The t-test for paired samples on these data conclude that both data are statistically distingushable at the 80.0% confidence level. At the site-level, we can make a statistical comparison for three sites of DX06, 10 and 18, because they gave both Thellier and LTD-DHT Shaw paleointensities with the minimum number of three per site. All the site-mean Thellier paleointensities are higher than the LTD-DHT Shaw paleointensities (red circles in Fig. 7(C) ), though the difference is only significant in the result from DX18 considering uncertainties of two standard deviations.
Eight microwave Thellier results can be compared with the LTD-DHT Shaw dataset (they were obtained from same cores). Paired results generally agree well (green squares in Fig. 7(B) ), and the t-test for paired samples on these data show that both results are statistically indistingushable at the 95.2% confidence level. A statistical comparison at the site-level is only possible for DX02, and the site-mean microwave Thellier paleointensity appears to be higher than the site-mean LTD-DHT Shaw paleointensity (green squares in Fig. 7(C) ). However, it is not statistically significant if we consider uncertainties of two standard deviations.
The comparisons show that the Thllier paleointensities tend to be higher than the LTD-DHT Shaw values, though the difference is sometimes not statistically significant. Similar observations are reported from three historical lava flows in Hawaii and Japan, the LTD-DHT Shaw method obtained correct paleointensities from these flows (Yamamoto et al., 2003; Mochizuki et al., 2004; Oishi et al., 2005) . In contrast, the comparisons seem to support similar quality of the LTD-DHT Shaw and the microwave Thellier results. Recent studies have revealed that the microwave Thellier method on volcanic rocks tends to give lower paleointensities than the conventional Thellier method (Bohnel et al., 2003; Gratton et al., 2005; Herrero-Bervera and Valet, 2005; Hill et al., 2006) . The same is true for the comparison between the LTD-DHT Shaw and the Thellier methods, as discussed in the above.
Discussion

Independency of the cooling units
We have obtained meaningful paleodirections from 21 sites (Section 4). As mentioned in Section 2, some of the sites possibly belong to the same cooling units and were tentatively classifeid as the same flow in Fig. 1 . In order to evaluate such possibilities, we compared their paleodirections. By the proximity of sites, comparisons were made among following seven groups: (A) DX01, 02, 03, 04, 09 and 18, (B) DX05 and 17, (C) DX06, 07 and 08, (D) DX10 and 11, (E) DX13 and 14, (F) DX16 and 22, and (G) DX20 and 21 (Fig. 10) . In the comparisons of the eastern sub- group ((A)-(C)), three sites classified as sole units in Fig. 1 (DX06, 09 and 17) were taken into account because they probably originated from the nearest scoria cones.
In the comparison of (B), (C), (D) and (G), their paleodirections do not overlap by ovals of α 95 (Fig. 10(B) , (C), (D) and (G)). It is reasonable therefore to consider that these sites (DX05, 06, 07, 08, 10, 11, 17, 20 and 21) are independent. In contrast, the comparisons of (E) and (F) show overlapping α 95 ovals ( Fig. 10(E) and (F) ). Applications of the statistical test of McFadden and Lowes (1981) does not distinguish between the two means at the 95% confidence level. We therefore treat the sites DX13 and DX14, and DX16 and DX22 as belonging to the same cooling units. These two units are referred to as DX13+14 and DX16+22.
The comparison of (A) is a little complicated since some α 95 ovals overlap but others do not (Fig. 10(A) ). Judging from the overlaps and the results of the statistical test by McFadden and Lowes (1981) , the sites DX01 and DX03, DX04 and DX18, and DX02 and DX18 belong to the same cooling units. The test rejected a common mean of the sites DX02 and DX04. Because the site-mean LTD-DHT Shaw paleointensities are obtained as 6.80±1.52, 16.9±2.0 and 19.1±2.9 μT for the sites DX02, DX04 and DX18 (Table 1) , it seems reasonable to treat sites DX04 and DX18 as coming from the same cooling unit. As a result, we recognize four cooling units (DX01+03, DX04+18, DX02 and DX09) in the comparison of (A).
In summary, the 21 sites are judged to originate from 17 independent cooling units ( Table 1 ). The discussions that follow are based on the results from these cooling units.
Paleosecular variation
Although there is a series of normal faults in the area of the western subgroup (Fig. 1) , they do not seem to affect the paleodirection results. This is because (1) the geological evidence suggests that the lava emplacement post-dates the faulting (grabens formed by the faults are buried with lavas, Section 2) and (2) Model G for the last 5 myr Datong Model G for IGRF1985 (1988, 1991) for the IGRF1985 and the last 5 myr, respectively. The ASD calculated for the present dataset (Datong, N=17) is indicated by the solid square.
(Inc=55.9, Dec=347.3, A 95 =11.4 and N=7) and eastern (Inc=51.0, Dec=343.8, A 95 =9.8 and N=10) subgroups are indistinguishable.
The paleodirection results give a mean VGP position of (76.5
• N, 7.9
• E) with A 95 =7.7 (N=17). This is statistically distinct from geographic north (Fig. 11(A) ), indicating that the present dataset did not average out paleosecular variation. In fact, the dataset shows two clusters of paleodirections: one with a steep inclination and a westerly deflected direction and the other near the GAD (geocentric axial dipole field) direction (Fig. 11(B) ). This suggests that the present samples might record the paleomagnetic field during two different short periods. These periods are possibly during 0.30 and 0.40 Ma because Hurford and Chen (1986) reported major volcanism in the Datong area during this period.
The present dataset yields an angular standard deviation (ASD) of 17.2
• around the mean VGP position. It is consistent with the paleosecular variation model of McFadden et al. ( , 1991 (Fig. 11(C) ). However, we think this is fortuitous because there are two clusters of mean VGP positions (Fig. 11(A) ) which are coming from the clustered paleodirections (Fig. 11(B) ). The centers of the two clusters are distinct from each other, and the mean VGP is located between the two (Fig. 11(A) ). This may result in the apparently reasonable ASD value. Thus, we think that the present dataset itself is not suitable to use for discussion of the paleosecular variation, although it can contribute to the timeaveraged field global database as in similar way to Tauxe et al.'s (2004) study. 6.3 Average dipole moments during the middle to early Brunhes Chron The LTD-DHT Shaw dataset presented here consists of 66 successful paleointensity results (Table 2) . We know that the precision of the flow-mean LTD-DHT Shaw paleointensity is about 10% (standard deviation relative to the mean) based on results from historical lava flows (Yamamoto et al., 2003; Mochizuki et al., 2004; Oishi et al., 2005) . Flowmean LTD-DHT Shaw paleointensities giving within-flow variabilities more than 10% might have to be discarded to avoid obtaining incorrect information. For paleointensities from older volcanic rocks, it may be reasonable to recognize within-flow variability of 20% as acceptable considering their age (e.g. they may have undergone a certain amount of weathering). From the dataset, eight acceptable site-mean LTD-DHT Shaw paleointensities can be selected by the following criteria.
(1) The minimum number of successful paleointensities per flow is three (N≥3). (2) The maximum standard deviation of the flow-mean paleointensity is 20% (σ ≤ 20%).
They are from the six units of the eastern subgroup (DX04+18, DX02, DX07, DX08, DX09 and DX17) and the two units of the western subgroup (DX16+22 and DX11). These give virtual dipole moments (VDMs) of 1.13-7.34×10 22 A m 2 with an average and a standard deviation of 3.79×10 22 A m 2 and 1.94×10 22 A m 2 , respectively ( Fig. 12(A) ) .
To compare this average with the existing Thellier data, flow-mean paleointensity data by the Thellier method with pTRM checks (T+ data) are selected from the latest paleointensity database (PINT03; Perrin and Schnepp, 2004) by the same criteria. The selection was made on data spanning the Brunhes Chron (0-0.78 Ma). Because the selected data from the LTD-DHT Shaw dataset yield VGP latitudes (Tanaka and Kono, 1991; Tanaka et al., 1995a; Calvo et al., 2002; Yamamoto et al., 2003; Mochizuki et al., 2004; Oishi et al., 2005) . Because strengths of the geomagnetic field are known at their eruption ages, results (PINT measured ) are normalized by the expected field intensities (PINT expected ). Dotted lines indicate ±10 percent limits of the expected values (0.9 and 1.1). (B) A same histogram for LTD-DHT Shaw paleointensity results obtained from historical basaltic lava flows (Yamamoto et al., 2003; Mochizuki et al., 2004; Oishi et al., 2005) . (C) Comparisons of the flow-mean paleointensities obtained from the three historical flows (Hawaii 1960 , 1970 and Oshima 1986 of 59.4-74.6 • N, the data are further screened by constraining VGP latitudes to be between 60.0
• N and 75.0 • N. This criterion seems to enable a statistically valid comparison though the LTD-DHT Shaw dataset is not averaging out paleosecular variation (Section 6.2). Both the statistical model (Tauxe and Kent, 2004 ) and the observational evidence (Tanaka et al., 1995b) suggest that VDMs are dependent on the associated VGP latitudes for the past few million years. 39 Thellier data remain and they give VDMs of 3.10-15.5×10 22 A m 2 with an average and standard deviation of 7.49×10 22 A m 2 and 3.06×10 22 A m 2 , respectively ( Fig. 12(B) ). The Thellier average is almost twice as large as the LTD-DHT Shaw average. The t-test shows that both datasets are statistically distinguishable at the 99.8% confidence level. Although over a different time period, Yamamoto and Tsunakawa (2005) Juarez and Tauxe (2000) . Because the geochronology studies on the Datong volcanic rocks (Kaneoka et al., 1983; Hurford and Chen, 1986; Chen et al., 1992; Cheng et al., 2006) suggest volcanic activity prior to ∼0.20 Ma (Section 2), the difference between the Thellier and the LTD-DHT Shaw averages (the former is 98% higher than the latter) might be an overestimate. We further screened the Thellier data by rejecting the data younger than 0.20 m.y.. The remaining 14 data results in an average VDM of 5.91×10
22 A m 2 with a standard deviation of 1.74×10 22 A m 2 ( Fig. 12(B) ). The difference between the Thellier and the LTD-DHT Shaw averages becomes small (the former is 56% higher than the latter) but still exists. The t-test shows that both datasets are statistically distinguishable at the 98.4% confidence level.
Recent studies have revealed that the Thellier method applied to historical volcanic rocks tends to overestimate paleointensities by as much as twice the expected values. Figure 13 (A) is a histogram showing reported Thellier paleointensities from historical basaltic lava flows: Hawaii 1960 (Tanaka and Kono, 1991; Yamamoto et al., 2003) , Hawaii 1970 (Oishi et al., 2005 , Oshima 1951 (Tanaka et al., 1995a ), Oshima 1986 (Tanaka et al., 1995a Mochizuki et al., 2004) and Mt Etna 1928 (Calvo et al., 2002) . It suggests that the Thellier paleointensities are systematically higher than the expected values, with an average overestimation of 21%. In contrast, the LTD-DHT Shaw method on the same historical flows (Hawaii 1960 , Yamamoto et al., 2003 Hawaii 1970 , Oishi et al., 2005 Oshima 1986 , Mochizuki et al., 2004 give paleointensities in agreement with the expected values ( Fig. 13(B) ). Three historical lava flows were investigated by the both methods ( Fig. 13(C) ). The t-test concludes that the datasets shown in Fig. 13(A) and (B) are statistically distinguishable at the 99.96% confidence level.
As introduced in Section 5.2, there are four possible reasons for the high Thellier paleointensities: (1) MD grains, (2) cumulative laboratory alteration, (3) TCRM acquisition during natural cooling, and (4) differences in coolingrate between natural and laboratory conditions. Many researchers seem to prefer reason (1) (e.g. Biggin, 2006) but it is still controversial. More rock magnetic and paleointensity investigations from historical lava flows are needed. The high Thellier paleointensities might be one possible reason for the difference between the Thellier and the LTD-DHT Shaw averages presently observed, though the amount of the difference (56%) is much higher than the rate of the overestimation (21%).
Conclusions
We have conducted rock magnetic and paleomagnetic measurements on Datong volcanic rocks from China formed during the mid to early Brunhes Chron.
(1) Several rock magnetic experiments suggest that the main remanence carriers in the present samples are titanomagnetites with varying Ti content (∼ TM0-TM60). They are considered to be mixtures of SD (and/or PSD) and MD particles. (2) Meaningful site-mean paleodirections are obtained from 21 sites. Considering their α 95 ovals, they are judged to originate from 17 independent cooling units. (3) The 17 independent paleodirection data give a mean VGP position of (76.5
• E) with A 95 =7.7 (N=17). This is statistically distinct from geographic north, indicating that the data do not average out paleosecular variation. Because the data show two paleodirectional clusters, samples might record the paleomagnetic field during two different short periods. (4) These data yield an ASD of 17.2
• around the mean VGP position and are consistent with the paleosecular variation model of McFadden et al. ( , 1991 . We think this is fortuitous as there are two clusters of mean VGP positions and the mean VGP is located between the two; this may result in the apparently reasonable ASD value. (5) Paleointensity measurements have been made using three different methods. The DHT and LTD-DHT Shaw methods, the Thellier method, and the microwave Thellier method applied to 119, 29 and 73 specimens give 66, 16 and 12 successful results, respectively (success rates are 55, 55 and 16%). We categorize the DHT and the LTD-DHT Shaw methods as a one method because they are very similar except for some points. In fact, there is no systematic difference between the results from the DHT and LTD-DHT Shaw methods. We treat both results as the same dataset (LTD-DHT Shaw dataset). (6) Some of the Thellier results agree well the LTD-DHT Shaw dataset whereas others give higher paleointensities. The microwave Thellier results generally agree with the LTD-DHT Shaw dataset. (7) From the LTD-DHT Shaw dataset, eight acceptable site-mean LTD-DHT Shaw paleointensities are obtained. They give an average VDM of 3.79×10 22 A m 2 with a standard deviation of 1.94×10 22 A m 2 for the mid to early Brunhes Chron. This is 56% lower than the average VDM of 5.91×10 22 A m 2 (standard deviation of 1.74×10 22 A m 2 ) which is calculated from the selected Thellier data from the latest paleointensity database (PINT03; Perrin and Schnepp, 2004) using the same selection criteria. One possible reason for this difference might be systematic overestimations of paleointensities by the Thellier method on volcanic rocks.
